The effectiveness of the opposition control method proposed by Choi et al . [H. Choi, P. Moin, and J. Kim, J. Fluid Mech. 262, 75-110 (1994)] has been studied using direct numerical simulations. In this study, the effects of the amplitude and the phase of wall blowing and suction control input were considered separately. It is found that the amplitude of wall blowing and suction as well as the detection plane location played an important role in active control for skin friction drag reduction. By changing the amplitude, a substantial drag reduction was achieved for all detection plane locations considered, and the efficiency of the opposition control was also improved. When the control was effective, the drag reduction was proportional to the wall blowing and suction strength. There existed a maximum wall blowing and suction strength, beyond which the opposition control became less effective or even unstable. Turbulence characteristics affected by various wall blowing and suction parameters were analysed to understand * Corresponding author: Y.M.Chung@warwick.ac.uk the underlying mechanisms for drag reduction. The wall normal velocity and vorticity fluctuations showed a strong correlation with drag reduction.
Introduction
Effective and reliable flow control to reduce turbulent skin friction drag is of paramount importance in many engineering applications, including aerospace engineering, where the skin friction component is approximately one quarter of the total aircraft drag in flight condition [1] . Various control strategies have been developed for turbulent drag reduction [2, 3] , with many of them focusing on the manipulation of the near-wall turbulence structures, such as streamwise vortices, which are responsible for most of turbulent kinetic energy production [4, 5] . Among other control methods, active control using wall blowing and suction [6] has attracted significant interest in relation to potential, micro-electromechanical systems (MEMS) based boundary layer control [7] [8] [9] [10] . Choi et al . [6] proposed the opposition control, in which wall blowing and suction were determined by the wallnormal velocity in the buffer layer. A schematic diagram of the opposition control is shown in Figure 1 . They reported that this control method weakened effectively the streamwise vortices and an approximately 20 − 25% of drag reduction was observed.
Their study demonstrated that turbulent drag reductions could be achieved by simple closed loop control using wall blowing and suction.
The opposition control method has proved to be very useful for developing more practical control strategies which utilised only wall information [11] [12] [13] . For example, in the suboptimal control, Lee et al . [12] analysed the opposition controlled flow field with y + d = 10 to find that wall distributions of dp/dz and dw/dy fluctuations could be used to determine the control input, and in the wall deformation flow control [14, 15] the velocity induced by wall motion was set equal to the velocity at the detection plane of the opposition control (with y + d = 10). To provide more realistic wall actuation, dimples were used as an actuator for opposition control numerically [16] and experimentally [17] . Carlson and Lumley [16] used a Gaussian bump to prevent a downwash of high-momentum fluids towards the wall during the sweep events. Kim et al . [17] used a dimple oscillating at near the bursting frequency. The applicability of the opposition control method was later extended to higher Reynolds number flows; a substantial drag reduction was still achieved at Re τ = 640 [18] and Re τ = 720 [19] . Pamies et al . [20] reported a 17.9% drag reduction for Re τ = 960. Recently, the opposition control has been applied in experiment using both the off-line [17, 21] and real-time [10, 22] control.
In the opposition control, the wall blowing and suction were in opposition to the wall-normal velocity at the detection plane (y d ) [6] :
v(x, 0, z; t) = −v(x, y d , z; t),
where, x, y and z are the streamwise, wall normal, and spanwise coordinates, respectively, and t the time. In this study, u, v and w are velocity component in the x, y and z directions, respectively. The effect of the detection plane location on the drag reduction of the opposition control method was first investigated by Choi et al . [6] . They focused on the optimal detection plane location for drag reduction, and suggested that the detection plane at y + d = 10 was optimal at a Re number of Re τ = 180. Later, Hammond et al . [23] , and Chung and Sung [24] reported that a detection plane at y + d = 15 gave a slightly better drag reduction. The importance of the optimal detection plane location (y + d,op ) for the turbulent skin-friction drag reduction has been well studied. However, the effect of the strength of the wall blowing and suction on the effectiveness of the opposition control is not fully understood. Only limited studies were carried out in this regard [18, 24] . An amplitude of 20% was tested with the detection plane at y + d = 10 by Iwamoto et al . [18] . Chung and Sung [24] found that a significant amount of drag reduction was still obtained when the amplitude of the wall blowing and suction was halved for the detection plane at y + d = 20. This suggests that the efficiency of the opposition control can be improved by using less power input. Since the power input for the opposition control is proportional to the cube of the wall blowing and suction velocity, understanding the relationship between the amplitude of opposition control and drag reduction is important for an efficient flow control strategy.
The main objective of this study was to explore the effectiveness of the opposition control with a view to enhancing the operating range of the opposition control using smaller amplitudes. The separate effects of the amplitude and the detection plane location of opposition control were investigated. To this end, direct numerical simulations (DNS)
were performed with various wall blowing and suction amplitudes at nine detection plane locations. Another objective of the present study was to understand the characteristics of the optimally controlled flow to find common features of drag reduction. Controlled flow fields were analysed to examine the relationship between the various flow properties and the amount of drag reduction. This knowledge can be used to suggest how turbulence needs to be modified for better drag reduction, and is therefore useful in developing a future optimal control strategy.
Numerical methods
Results presented in this paper have been computed using a second-order finite volume DNS code [25] [26] [27] . The convective terms were modelled using a third-order Runge-Kutta method, and the diffusive terms using the Crank-Nicolson method. A fractional step method was used for time advancement. The flow was assumed to be periodic in the streamwise and spanwise directions. [28] during the simulation, and the total time for sampling was 600h/U m . Several simulations were repeated with a larger computational domain to ascertain that the results were not influenced by the size of the computational domain.
For this, a computational domain of 14 × 2 × 3.5 was used with a 128 × 129 × 128 grid.
Only a small difference was observed between the two domain sizes for both no-control and control cases, indicating that the domain size used in this study was adequate. 
Results and Discussion
In this study, the flow rate in the streamwise direction was kept constant during the simulation, allowing the mean pressure gradient to change. Drag reduction was measured by a change in the wall shear stress (τ w ):
where, DR represents a drag reduction. In opposition control, the magnitude of blowing and suction was the opposite to the wall-normal velocity at a detection plane located at a small distance (y d ) from the wall (see Figure 1) . In this study, we introduced an amplitude parameter, A, to describe the strength of wall blowing and suction:
It is worth noting that A = 1 was used in the previous studies [6, 19, 23] , and that the effect of blowing and suction amplitude was not examined.
Detection plane location
First, the effect of the detection plane location on drag reduction of the opposition control method is re-examined. As mentioned earlier, the optimal detection plane location was investigated first by Choi et al . [6] and later by several researchers including Hammond et al . [23] , Chang et al . [19] and Chung and Sung [24] . The purpose of this study was not to identify the optimal detection plane location, but to examine the relationship between velocity data from different detection plane locations. For this, the amplitude parameter was set to be A = 1, and nine different detection plane locations were considered in a range of 5 ≤ y [6, 23, 24] . It is worth noting that the optimal detection locations were found to move closer to the wall as Re increased [19] . The detection plane location decreased from y The time-averaged drag reduction is calculated using Equation 2, and is shown in 
Input parameters of opposition control
It is very interesting to examine why the two detection planes at y + d = 20 and 23 give such contrasting results from each other. In the opposition control, the wall-normal velocity at a detection plane is used as a control input. The detection plane location determines two important control input parameters: the amplitude and the phase of wall blowing and suction velocity. When a different detection plane location is chosen, both parameters of the control input are changed subsequently. It is worthwhile to note that the amplitude of wall blowing and suction was not considered separately in the previous studies, but only the effect of the detection plane location was studied instead [6, 19, 23] .
First, the phase information of the detection plane is considered. Figure 4 shows two-point correlation coefficients, R vv , of the wall normal velocity for several monitoring points (y d ). As expected, for no-control case, the correlation coefficients are generally high when the distance between the two points (y −y d ) is small. For example, for y 
Amplitude of wall blowing and suction
It is well known that the wall limiting behaviour of the v velocity component is proportional to y +2 [29] . As a result of this, the wall-normal velocities at different detection Table 1 ) while there is little difference in their phase information (see the correlation coefficient graph in Figure 4) . Now, the effect of the amplitude of the opposition control on skin friction reduction is investigated for each detection plane location. The detection plane locations are shown in Table 1 . Ten different amplitudes (0.1 ≤ A ≤ 1) were chosen for this study. In total, 90 simulations were performed for various amplitudes and detection plane locations, and the results for all cases including the no-control case are shown in Figure 5 . This figure clearly demonstrates that the drag reduction in opposition control is affected by the amplitude parameter (A) as well as the detection plane location. With the exception of Iwamoto et al . [18] and Chung and Sung [24] , only A = 1 cases were considered in most previous opposition control studies [6, 19, 23] The use of small amplitude has significant implications for the efficiency of the opposition control. The efficiency of the opposition control can be defined as the ratio of the power saved to the power input [6, [18] [19] [20] 30] . Two definitions of the power input to the control are considered. The ideal power input [6] is given as:
and a more conservative power input is calculated following Bewley et al . [30] :
The power saved is given as P S = (dP/dx| 0 −dP/dx)U m . Figure 7 shows the power saving ratio, P S /P I and P S /P |I| . A similar level of efficiency was observed as in the previous studies [6, 18, 19] for A = 1. With small amplitudes, more power savings and hence better efficiency are obtained for y
The improvement is greater for y + d = 25, suggesting that the amplitude can play an important role in designing efficient control strategies. Since the power input P I for the opposition control is proportional to the cube of the wall blowing and suction velocity, the control can be designed to operate at lower amplitude, where the opposition control is more efficient. increases (w not shown here). It is found that with non-zero amplitudes, the opposition control establishes a virtual wall (defined as a local minimum of v ) between the physical wall and the detection plane (see Figure 8b) . The virtual wall moves away from the physical wall as A increases. With A = 1, the virtual wall is located halfway between the wall and the detection plane [6, 23] . Due to the virtual wall in successful opposition control cases, the v profiles are moved outward. For A ≥ 0.4, a plateau appears in the u profiles just below the virtual wall location, and it becomes more prominent as A increases.
Controlled flow fields
In Figures 8c) and 8d) , the amplitude of the opposition control is also found to be related to modification of the streamwise vortices (ω x and ω y ). All three components of vorticity fluctuation decrease as A increases (ω z not shown here). For example, the local maximum of ω x for y + d = 15 is reduced by 25%. The distance between the maximum and minimum ω + x locations can be interpreted as the average radius of streamwise vortices [5, 31] . For no control turbulent channel flow (A = 0), the location for the local minimum ω x is at y + 0 = 5 [31] . The local minimum location for ω x moves away from the wall as the amplitude parameter increases, suggesting a thickening of the viscous sublayer. For A = 1, the minimum ω x location is at y + 0 = 7.2, the mid way between the detection plane and the wall. The local minimum and maximum ω x values also decrease substantially, indicating the reduced strength of the streamwise vortices [5] . It is interesting that a plateau appeares in the ω y component as well (Figure 8d) , showing that the weakening of the streamwise vortices is important in successful opposition control.
When the detection plane is located further away from the optimal location, the response of the flow field to the opposition control is different. Figure 9 shows the velocity and vorticity fluctuations for y implying that the underlying mechanism associated with the opposition control is no longer working. It is interesting to note that v max decreases for positive drag reduction and increases for negative cases. A virtual wall is formed at all amplitudes (Figure 9b ), but the v values at the virtual wall location are not small, indicating that the virtual wall is less effective in preventing a downwash of high-momentum fluids towards the wall during the sweep events [23] . It is found that the virtual wall moved away from the physical wall as A increased. This trend is similar to the one observed for y 
Relationship between DR and other properties
In this section, the characteristics of the controlled flow are examined to establish the relationship between various flow properties and the amount of drag reduction. Understanding such a link is important in the design of control devices, and could be exploited in the development a future optimal control strategy.
It is already shown in Figure 6 that the amplitude parameter (A) plays an important role in drag reduction. However, the relationship between A and DR depends on the detection plane location and cannot be described as a single curve. This is partly because a different detection plane location has a different strength of wall blowing and suction (see Table 1 ). To find a better relationship with DR, rms of wall blowing and suction velocity, To find a better correlation between the flow properties of the opposition control and DR, various flow properties are examined. Among all properties tested, the maximum values of v and ω y display the strongest correlation with drag reduction. Figure 14a shows the variation of wall normal velocity fluctuations in global units, v max , for various drag reduction cases. This clearly shows that v max is closely related to the skin friction drag. v max is almost linearly proportional to negative drag reduction. It is interesting that a strong correlation between v max and DR is found for both positive and negative drag reduction cases (see also Figures 8b and 8d) . The spanwise velocity fluctuation, 
